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Nation  is  modified  by  incorporating  poly(l-vinylimidazole)/Pd  composites  into  the  ion  cluster  chan¬ 
nels  of  the  membrane.  The  poly(l-vinylimidazole)/Pd-impregnated  (PVI/Pd-impregnated)  membranes 
is  characterized  by  means  of  X-ray  photoelectron  spectroscopy  (XPS),  proton  conductivity  and  methanol 
permeability  measurements  and  compared  with  those  of  the  untreated  Nation.  The  dependence  of  the 
membrane  proton  conductivity  and  methanol  permeability  on  the  poly(l -vinylimidazole)  (PVI)  and  pal¬ 
ladium  contents  in  the  PVI/Pd-impregnated  Nation  is  studied.  The  performance  of  the  cells  employing  the 
PVI/Pd-impregnated  Nation  is  evaluated  using  a  direct  methanol  fuel  cell  (DMFC)  unit  cell.  It  is  found  that 
the  best  cell  performance  is  obtained  when  Nation  is  impregnated  with  the  PVI/Pd  composite  solution 
for  20  h.  This  result  suggests  that  there  exists  an  optimum  content  of  palladium  and  PVI  in  the  modified 
membrane  to  obtain  a  high-proton  conductivity  and  low-methanol  permeability  that  result  in  a  high-cell 
performance. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  methanol  fuel  cells  (DMFCs),  as  energy  efficient  and 
environmentally  friendly  power  sources,  are  attractive  for  trans¬ 
portation,  distributed  power  and  portable  power  applications  [1,2]. 
Unfortunately,  the  polymer  electrolyte  membrane  currently  used 
in  DMFCs  exhibits  high-methanol  permeability,  which  causes  a 
significant  reduction  of  both  the  cathode  potential  and  the  fuel 
utilization.  This  results  in  significant  degradation  of  the  fuel  cell 
performance. 

Nation  is  the  best-known  perfluorosulfonated  polymer  mem¬ 
brane,  which  has  been  used  as  a  commercial  polymer  electrolyte 
membrane  [3].  It  is  widely  accepted  that  Nation  has  a  microphase- 
separated  structure,  which  is  characterized  by  a  hydrophobic 
polytetrafluoroethylene  backbone  chain  and  regularly  spaced, 
shorter,  perfluorovinyl  ether  side-chains,  each  terminated  by  a 
strongly  hydrophilic  sulfonate  ionic  group.  The  hydrated  protons 
move  through  the  channels  produced  by  phase  separation  and 
Nation  can  obtain  high-proton  conductivity  in  the  hydrated  state. 
Simultaneously,  this  provides  channels  for  the  methanol  molecules 
to  pass  through. 
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In  addition  to  the  efforts  made  to  develop  new  proton  electrolyte 
membranes  [4-7],  many  attempts  have  been  made  to  modify 
Nafion  for  DMFC  applications.  Two  main  methods  have  been  used 
to  accomplish  this.  One  is  the  surface  modification  of  Nafion  [8-16], 
while  maintaining  the  structure  as  well  as  the  inherent  proton  con¬ 
ductivity  of  Nafion.  The  other  involves  structure  modification  of 
Nafion  [17-21]  to  reduce  the  size  of  the  ion  clusters  in  the  mem¬ 
branes,  because  the  transport  properties  are  strongly  dependent  on 
the  membrane  structure  [22,23]. 

Because  palladium  (Pd)  is  a  hydrogen  permeable  and  methanol 
impermeable  metal  [11,12],  palladium  modified  Nafion  has  been 
investigated  by  many  researchers  in  an  attempt  to  reduce  the 
methanol  permeation  of  Nafion  while  retaining  its  proton  conduc¬ 
tivity.  Due  to  the  high  degree  of  incompatibility  between  palladium 
and  Nafion  polymer,  however,  severe  cracking  problems  occur  on 
the  Pd  layers  and  give  rise  to  unstable  performance  of  the  modified 
cells  [11-16]. 

A  material  that  can  bind  well  with  both  Nafion  and  palla¬ 
dium  is  needed.  Considering  that  polymeric  ligands  which  contain 
functional  groups  are  usually  used  to  bind  transition  metal  ions 
[24],  we  take  advantage  of  the  complexing  properties  of  poly(l- 
vinylimidazole),  due  to  the  electron  donor  nitrogen  in  the  imidazole 
ring,  to  chelate  the  palladium  ion.  Furthermore,  a  high  degree  of 
compatibility  between  Nafion  and  PVI  is  expected  due  to  the  pos¬ 
sibility  of  acid-base  interactions  between  the  imidazole  nitrogens 
and  sulfonic  acid  protons  [17]. 
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Fig.  1.  Complex  formation  mechanism  among  sulfonic  acid  group  of  Nation,  the  imidazole  nitrogen  of  PVI  and  palladium  ions. 


In  the  present  investigation,  we  have  develope  an  approach 
in  which  the  concepts  of  the  composite  membranes  and  the 
barrier  method  described  above  are  combined.  A  commercial 
Nafion  115  membrane  is  modified  by  impregnating  it  with  PVI/Pd 
composites  solution  (PVI/Pd-solution)  followed  by  hydrogen  reduc¬ 
tion. 

Phase  separation  in  the  Nafion  membrane  is  assumed  to  be  in 
the  polymer  which  is  characterized  by  a  hydrophobic  backbone 
fluorocarbon  phase  and  hydrophilic  SO3-  end  groups  that  form 
adjacent  aqueous  domains  for  the  proton  conductivity.  According 
to  Haubold  et  al.  [25],  a  sandwich  structure  is  created,  consist¬ 
ing  of  a  shell  region  with  the  side-chains  and  an  embedded  core 
region,  that  is  either  empty  or  flooded  with  water-methanol.  The 
PVI  molecules  in  the  membrane  exhibit  an  acid-base  interaction 
with  the  sulfonic  acid  groups  in  the  Nafion  membrane.  The  incor¬ 
poration  of  PVI  affects  the  hydrophilic  sites  and  decreases  the  size  of 
the  hydrophilic  cluster.  Therefore,  the  amount  of  water-methanol 
solution  in  the  channels  used  to  hydrate  the  sulfonic  acid  groups 
decreases  with  increasing  PVI  content,  which  means  that  the 
methanol  crossover  as  well  as  the  proton  conductivity  of  the  mod¬ 
ified  membrane  is  reduced  in  proportion  to  the  PVI  content  in  the 
membrane.  To  compensate  for  the  proton  conductivity  loss,  palla¬ 
dium  is  added  as  a  proton  conductor. 

The  modification  of  the  membrane  based  on  the  complexation 
mechanism  described  above  is  shown  schematically  in  Fig.  1.  Thus, 
we  expect  to  improve  the  membrane’s  conductivity  and  decrease 
its  methanol  permeability  by  making  use  of  the  PVI/Pd-modified 
structure  of  Nafion. 

2.  Experimental 

The  modified  membrane  preparation  procedure  involved  the 
following  steps:  pre-treating  the  commercial  Nafion,  synthesis 
of  the  poly(l-vinylimidazole)/Pd  composites,  impregnating  the 
PVI/Pd  composites  into  Nafion,  fabrication  of  the  membrane  elec¬ 
trode  assemblies  (MEAs),  and  the  in  situ  reduction  of  the  palladium 


ions  in  the  modified  membrane  by  feeding  it  with  hydrogen  on  the 
cell  test  station. 


2.1.  Synthesis  ofpoly(  1  -vinylimidazole )/Pd  composites 


l-Vinylimidazole(VI)  was  polymerized  using  the  thermal  initia¬ 
tor,  AIBN,  at  100  °C  for  6h.  Then,  0.1  g  of  poly(l -vinylimidazole) 
was  added  in  2  mL  10%  HC1  solution.  After  the  PVI  had  been  com¬ 
pletely  dissolved  by  stirring,  PdCl2  solution  (0.25  mL,  5%  in  10% 
HC1)  was  added  dropwise  to  the  polymer  solution  under  vigorous 
stirring  to  prevent  precipitation  of  the  polymer.  Finally,  the  PVI/Pd 
solution  was  diluted  to  200  mL.  The  synthesis  scheme  of  the  poly(  1  - 
vinylimidazole)/Pd  composites  is  given  below. 
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2.2.  Preparation  of  PVI/Pd-impregnated  membrane 

All  of  the  membranes  in  this  study  were  made  of  Nafion  115 
(Du  Pont,  USA).  Before  the  experiment,  the  commercial  Nafion  115 
membranes  were  pretreated  in  the  usual  way  [26].  A  well-sealed 
vessel  was  used  to  contain  the  PVI/Pd  solution  prepared  previously 
for  the  impregnation  process.  The  pretreated  Nafion  115  membrane 
was  cut  into  strips  (4  cm  x  4  cm)  and  soaked  in  the  PVI/Pd  solution 
in  the  vessel.  The  impregnation  processes  were  started  by  putting 
the  vessel  in  an  oven,  and  raising  the  temperature  to  90  °C.  After 
soaking  the  sample  in  the  PVI/Pd  solution  for  5,  10,  15,  20,  25  or 
30  h,  it  was  taken  out  of  the  vessel  and  rinsed  several  times  with 
hot  deionized  water  at  90  °C  to  remove  the  excess  PVI/Pd  solution. 
The  PVI/Pd-impregnated  membranes  soaked  for  the  various  times 
are  referred  to  as  PVI/Pd-5h,  PVI/Pd-lOh,  PVI/Pd-15h,  PVI/Pd-20h, 
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Fig.  2.  Schematic  diagrams  showing  sample  preparation  in  DMFC  configuration  for 
physico-chemical  characterization. 


with  a  mixed  solution  of  8vol%  methanol  and  0.9vol%  1 -butanol, 
and  the  other  (B)  with  only  0.9  vol%  1  -butanol  solution.  The  0.9  vol% 
1 -butanol  solution  in  both  compartments  was  used  as  an  internal 
standard.  The  membrane  was  clamped  vertically  between  the  two 
compartments,  with  each  compartment  containing  a  magnetic  stir¬ 
ring  bar  for  solution  agitation  during  the  permeation  experiments. 
The  change  in  methanol  concentration  with  time  in  compartment 
B  was  measured  using  a  capillary  gas  chromatographic  instrument 
(HP5890).  The  methanol  permeability  (P)  was  determined  by: 

p  =  -ln[1-(c(.)/Cfl)lW=.s|0pe8W;  (2) 

t  —  to  A  A 

where  VB  is  the  volume  of  compartment  B,  L  the  thickness  of 
the  membrane,  A  the  cross-section  area,  slope  <5  the  slope  of  the 
ln[l  -  (cB(t)/cA)]  vs.  t  plot,  and  cA  and  cB  are  the  methanol  concen¬ 
trations  in  compartments  A  and  B,  respectively  [27]. 

2.4.  Membrane  electrode  assemblies  and  cell  tests 


PVI/Pd-25h  and  PVI/Pd-30h,  respectively.  All  of  the  membranes 
were  stored  by  sandwiching  them  between  filter  papers  to  obtain 
a  dry  and  even  form  for  further  use. 

After  the  PVI/Pd-impregnated  membrane  was  fabricated  into 
membrane  electrode  assemblies  and  placed  on  the  fuel  cell  test  sta¬ 
tion,  the  palladium  ions  in  the  modified  membrane  were  reduced 
by  purging  with  hydrogen  before  feeding  the  cell  with  methanol 
and  oxygen. 

2.3.  Physico-chemical  characterization 

Because  the  palladium  ions  in  the  modified  membrane  were 
reduced  in  situ  by  hydrogen  after  the  membrane  was  hot  pressed 
and  fixed  in  the  cell  hardware,  samples  without  hot  pressing  had 
to  be  prepared  by  another  method  in  order  to  characterize  the 
PVI/Pd-impregnated  membrane.  The  sample  preparation  proce¬ 
dure  is  shown  in  Fig.  2.  Modified  Nafion  115,  which  had  been  soaked 
in  PVI/Pd  solution  for  certain  times,  was  placed  between  two  gas- 
diffusion  layers.  After  being  coupled  with  sealing  gaskets  and  set 
in  the  fuel  cell  fixture,  40mLmin-1  of  hydrogen  was  supplied  for 
2  h  to  reduce  the  palladium  ions.  All  of  the  steps  were  the  same 
as  those  in  the  unit  cell  test  except  that  the  sample  was  not  hot 
pressed,  in  order  to  be  able  to  remove  the  reduced  membrane  from 
the  gas  diffusion  layers  for  the  physico-chemical  characterization 
study. 

To  confirm  the  chemical  state  and  the  loading  of  PVI  and  pal¬ 
ladium  impregnated  in  Nafion,  the  membranes  were  analyzed  by 
X-ray  photoelectron  spectroscopy  (XPS,  PHI5800)  that  was  per¬ 
formed  with  monochromatic  Al  Ka  187.850  and  58.700  eV  radiation 
operated  at  250  W  in  a  vacuum  of  1.33  x  10-7  Pa. 

The  proton  conductivity  of  the  membrane  was  determined 
from  the  membrane  resistance  measured  by  AC  impedance  spec¬ 
troscopy  that  was  conducted  by  applying  a  small  alternating  voltage 
(5  mV)  and  varying  the  frequency  of  the  voltage  from  100  mHz  to 
100  MHz  by  means  of  an  impedance  analyzer  (IM6-Zahner  Co.).  The 
impedance  at  the  intersection  of  the  high-frequency  curve  with 
the  real  axis  was  taken  as  the  membrane  resistance,  Rb.  The  proton 
conductivity,  cr,  was  calculated  as  follows: 


where  L  is  the  membrane  thickness  and  A  is  the  active  surface-area 
of  the  membrane. 

The  methanol  permeability  of  the  membranes  was  measured 
using  a  classical  diffusion  cell  at  room  temperature.  The  cell  con¬ 
sists  of  two  compartments,  A  and  B,  one  of  which  (A)  was  filled 


The  electrodes  used  in  this  study  were  fabricated  by  spray¬ 
ing  catalyst  inks  on  carbon  paper  according  to  the  procedure 
described  in  earlier  work  [28].  The  catalysts  used  in  the  electrodes 
were  carbon-supported  Pt-Ru  (3  mg  cm-2,  HISPEC10000,  John¬ 
son  Matthey)  for  the  anode  and  carbon-supported  Pt  (3  mg  cm-2, 
HISPEC9100,  Johnson  Matthey)  for  the  cathode.  The  gas-diffusion 
layers  were  30BC  (SGL,  Germany).  The  MEA  was  fabricated  by  plac¬ 
ing  a  membrane  between  a  Pt-Ru  anode  and  a  Pt  cathode  followed 
by  hot  pressing  at  160  °C  and  3.92  x  102  Pa  for  5  min.  Then,  the  MEA 
was  coupled  with  sealing  gaskets  and  installed  on  a  single-cell  test 
station.  The  two  half-cells  were  held  together  by  four  bolts  that 
were  fastened  with  a  torque  wrench  set  at  a  predefined  torque 
(30  Non). 

Before  the  cell  test,  hydrogen  was  supplied  to  each  side  of  the  cell 
at  a  flow  rate  of  40  mLmin-1  for  2  h  to  reduce  the  palladium  ions 
in  the  PVI/Pd-impregnated  membrane.  The  cell  was  then  activated 
by  feeding  it  with  H20  for  30  min,  followed  by  feeding  with  0.5  M 
methanol  and  oxygen  for  12  h  at  80  °C.  Cell  measurements  were  per¬ 
formed  by  pumping  a  2  M  or  5  M  methanol  solution  into  the  DMFC 
anode  at  a  flow  rate  of  0.6 mLmin-1  and  non-humidified  oxygen 
into  the  cathode  at  a  flow  rate  of  100  mL  min-1 .  The  current-voltage 
and  power  density  curves  were  investigated  via  the  use  of  an  elec¬ 
tronic  load.  The  measurements  were  repeated  until  reproducible 
polarization  curves  were  obtained  (cell  conditioning),  a  process 
that  took  several  days. 

3.  Results  and  discussion 

3.1.  Physico-chemical  characterization 

Fig.  3  shows  a  typical  XPS  survey  spectrum  obtained  to  con¬ 
firm  the  constituents  and  state  of  the  PVI/Pd-impregnated  Nafion. 
Besides  the  content  of  Nafion,  such  as  its  carbon,  fluorine,  oxy¬ 
gen  and  sulfur  constituents,  signals  due  to  PVI  (distinguished  by  N 
lp)  and  palladium  (Pd  3d)  are  also  observed.  High-resolution  XPS 
spectra  are  obtained  to  compare  the  chemical  state  of  palladium 
in  the  modified  membrane  before  and  after  hydrogen  reduction 
(Fig.  4).  The  calibration  of  the  binding  energy  scale  is  performed 
by  taking  the  C  Is  photoelectron  peak  (binding  energy  =  284.6 eV) 
as  the  internal  reference.  The  XPS  spectrum  shows  that  EbPd3d5/2 
decreases  to  match  Pd(0)  after  reduction,  which  indicates  that  the 
palladium  ions  were  well  reduced. 

The  atomic  concentrations  listed  in  Table  1  show  that  as  the  time 
of  impregnation  increases,  the  contents  of  PVI  (Nip)  and  Pd  (Pd  3d) 
also  increase. 
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Fig.  3.  Survey  XPS  spectrum  of  PVI/Pd-modified  membrane. 
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Fig.  5.  Methanol  concentration  in  compartment  B  in  relation  to  time  during 
methanol  permeation. 


Fig.  4.  Detailed  Pd  3d  XPS  spectrums  of  PVI/Pd-modified  membrane  before  and  after 
hydrogen  reduction. 

3.2.  Methanol  crossover 

The  methanol  permeability  of  three  types  of  modified  mem¬ 
brane,  PVI/Pd-lOh,  PVI/Pd-20h  and  PVI/Pd-30h,  were  measured  and 
compared  with  that  of  an  untreated  Nation.  The  concentration  of 
methanol  that  permeated  through  the  clamped  membrane  is  rep¬ 
resented  in  Fig.  5  as  a  function  of  time.  A  linear  correlation  between 
ln[l  -(cb(0/ca)]  and  the  permeation  time  is  observed  in  Fig.  6; 
the  methanol  permeability  can  be  obtained  from  the  slope  of  the 
straight  line.  The  results  presented  in  Table  1  show  that  methanol 


Fig.  6.  -ln[l  -  (cB(f)/cA)]  vs.  time  of  methanol  permeation. 


permeability  is  effectively  decreased  in  the  modified  membrane  at 
25  °C. 

For  the  Nation  membrane,  while  the  hydrophobic  polymer 
matrix  is  comparatively  impermeable,  methanol  diffuses  primarily 
through  the  hydrophilic  domains,  i.e.,  methanol  transport  mainly 
occurs  through  the  ion-cluster  pores  and  the  connecting  ion  chan¬ 
nels.  After  impregnation,  the  PVI  stabilized  palladium  may  mainly 
exist  around  the  hydrophilic  ion-clusters  and  the  ion  channels  and 
change  the  microstructure  of  Nation,  thereby  increasing  the  tor¬ 
tuosity  of  the  methanol  transport  channels.  It  is  noted  that  the 
presence  of  PVI  and  palladium  in  the  water-rich  domains  of  the 


Table  1 

PVI  and  palladium  content,  methanol  permeability  and  proton  conductivity  of  Nation  and  PVI/Pd-modified  membrane 


Membrane 

Atomic  concentration  (%) 

Methanol  Permeability  (cm2  min-1 )  (25  °C) 

Conductivity  (S  cm-1 

') 

N(lp) 

Pd(3d) 

30°C 

60  °C 

80  °C 

Nafionll5 

0.40 

0 

1.074  x  10-4 

6.06  x  10-2 

7.41  x  10-2 

7.81  x  10“2 

PVI/Pd-5h 

1.78 

0.10 

4.19  x  10-2 

5.15  x  10-2 

5.58  x  10-2 

PVI/Pd-lOh 

4.87 

0.27 

8.308  x  10“5 

4.20  x  10-2 

5.35  x  10-2 

5.91  x  10“2 

PVI/Pd-15h 

5.54 

0.30 

4.70  x  10“2 

5.95  x  10“2 

6.37  x  10-2 

PVI/Pd-20h 

5.60 

0.32 

7.234  x  10“5 

6.93  x  10-2 

8.28  x  10“2 

8.75  x  10-2 

PVI/Pd-25h 

7.46 

0.42 

3.30  x  10-2 

3.46  x  10“2 

3.61  x  10-2 

PVI/Pd-30h 

9.01 

0.52 

5.824  x  10-5 

3.05  x  10-2 

3.38  x  10-2 

3.53  x  10-2 
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membrane  causes  a  remarkable  reduction  in  methanol  permeabil¬ 
ity.  It  is  expected  that  all  of  the  PVI/Pd-modified  membranes  exhibit 
lower  methanol  crossover  than  that  of  Nation  115.  The  higher  the 
content  of  PVI  and  palladium,  the  lower  the  methanol  crossover. 

3.3.  Proton  conductivity 

It  is  believed  that  the  transport  mechanism  is  mainly  linked  to 
the  hydrophilic  domains  that  are  comprised  of  clusters  and  pores 
with  different  sizes  and  amounts  of  absorbed  water  [20].  The  con¬ 
ductivity  of  Nation  membranes  is  known  to  increase  with  increasing 
water  content,  because  of  the  increasing  contribution  of  the  Grot- 
thuss  mechanism  [21  ].  Similarly,  the  hydrogen  ion  mobility  is  likely 
to  decrease  as  the  size  of  the  water-rich  clusters  decreases.  Due  to 
the  basic  character  of  the  imidazole  nitrogen,  the  transfer  of  the  pro¬ 
ton  from  the  sulfonic  group  occurs  with  the  formation  of  a  hydrogen 
or  ionic  bond.  Thus,  the  involvement  of  the  sulfonic  groups  in  PVI 
crosslinking  leads  to  a  decrease  in  the  effective  ion-exchange  capac¬ 
ity  and  proton  conductivity  of  the  modified  membrane. 

In  the  case  of  the  PVI/Pd-impregnated  membrane,  PVI/Pd- 
impregnation  causes  a  reduction  in  both  the  methanol  and  water 
contents  in  the  hydrophilic  domain  of  Nation.  The  proton  con¬ 
ductivity  will  decrease  with  increasing  PVI  content,  because  of 
the  dependence  of  the  conductivity  on  the  water  content.  Also, 
the  conductivity  will  increase  with  increasing  palladium  content, 
due  to  the  ‘pseudo-proton  conducting’  property  [20]  of  palladium, 
and  palladium  allows  the  selective  transport  of  protons  and  water 
molecules,  while  restricting  the  passage  of  methanol  molecules. 
So,  the  competing  effects  of  reduced  proton  conductivity,  due  to 
the  incorporated  PVI,  and  increased  proton  conductivity,  due  to  the 
incorporated  palladium,  must  be  considered. 

The  proton  conductivities  of  the  PVI/Pd-impregnated  mem¬ 
branes,  which  were  impregnated  with  different  contents  of  PVI  and 
palladium,  were  evaluated  at  30,  60  and  80  °C,  and  compared  with 
that  of  Nation  (Table  1 ).  At  low  PVI  and  palladium  contents,  the 
proton  conductivities  of  the  PVI/Pd-impregnated  membranes  are 
lower  than  that  of  the  untreated  Nation  at  all  temperatures.  The  pro¬ 
ton  conductivities  increase  as  the  time  of  impregnation  is  increased 
initially,  and  decreases  after  20  h  of  impregnation.  This  shows  that 
there  is  an  optimum  ratio  of  PVI  content  to  Pd  content  and  this  will 
be  studied  in  further  work. 

Usually,  a  reduction  in  methanol  permeability  is  accompa¬ 
nied  by  a  significant  loss  in  proton  conductivity.  Nevertheless,  the 
PVI/Pd-20h  membrane  presented  higher  proton  conductivity  than 
that  of  the  untreated  Nation.  Considering  its  lower  methanol  per¬ 
meability  than  the  untreated  one,  the  PVI/Pd-20h  membrane  is 
expected  to  have  a  high-cell  performance. 

3.4.  DMFC  tests 

The  DMFC  polarization  curves  for  all  of  the  PVI/Pd-impregnated 
membranes  with  different  PVI/Pd  contents  (defined  as  different 
soaking  times)  are  shown  in  Figs.  7  and  8  along  with  the  reference 
curve  of  the  Nafionll5-based  MEA. 

It  should  be  noted  that  both  the  proton  conductivity  and 
methanol  crossover  have  a  significant  impact  on  the  DMFC  perfor¬ 
mance  curves.  Fig.  7  shows  the  polarization  curves  for  the  cells  fed 
with  2  M  methanol  and  non-humidified  oxygen  at  different  oper¬ 
ation  temperatures,  namely  30,  60  and  80  °C.  The  MEA  fabricated 
from  a  PVI/Pd-20h  membrane  provides  the  highest  power  density, 
as  expected. 

Although  the  proton  conductivities  of  the  PVI/Pd-lOh  and 
PVI/Pd-15h  modified  membranes  are  lower  than  that  of  the 
untreated  Nation,  the  V-I  curves  are  above  that  of  Nation  at  30  and 
60  °C  because  of  the  significant  reduction  in  methanol  crossover. 
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Fig.  7.  Comparison  of  performance  of  PVI/Pd-impregnated  Nafion  and  bare 
Nafionll5  at  different  temperatures,  (a)  30  °C,  (b)  60  °C  and  (c)  80  °C  (0.6  mL  min-1 
of  2  M  methanol,  lOOmLmin-1  of  non-humidified  oxygen). 


The  PVI/Pd- 1  Oh  membrane  presents  a  lower  performance  than  that 
of  Nafion  at  80  °C  because  of  the  higher  methanol  crossover  at 
higher  temperatures,  while  the  V-I  curves  of  PVI/Pd-15h  are  still 
above  that  of  Nafion  because  it  provides  a  more  effective  barrier 
than  the  PVI/Pd-lOh  membrane.  Similarly,  the  V-I  curves  for  the 
PVI/Pd-25h  and  PVI/Pd-30h  modified  membranes  are  below  that 
of  the  untreated  Nafion,  because  the  better  methanol  barrier  prop¬ 
erty  of  the  PVI/Pd  modified  membranes  is  offset  by  their  inferior 
proton  conductivity. 
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than  that  of  Nation.  This  shows  that  the  methanol  barrier  of  the 
PVI/Pd-impregnated  Nation  membranes  is  not  as  effective  when 
operated  at  high  temperature  as  when  they  are  operated  at  low 
temperature,  due  to  the  high  methanol  crossover  at  high  temper¬ 
atures.  This  means  that,  for  PVI/Pd-impregnated  Nation  operated 
at  a  relatively  high-methanol  permeability  (that  is,  high  temper¬ 
atures  and  high  concentration  of  methanol),  the  power  gain  due 
to  the  reduced  methanol  crossover  does  not  sufficiently  compen¬ 
sate  for  the  power  loss  due  to  the  reduced  proton  conductivity. 
Since  the  PVI/Pd-20h  membrane  has  better  proton  conductivity 
and  lower  methanol  permeability  than  Nation,  it  presents  the  best 
performance  during  cell  tests  under  all  test  conditions. 

Apparently,  the  reduced  methanol  permeation  in  the  modi¬ 
fied  membranes  is  offset  by  the  lower  proton  conductivity.  Thus, 
the  optimum  combination  of  proton  conductivity  and  methanol 
crossover  needs  to  be  found. 


(b)  0.7 


140 


(C)  0.7-p 
0.6- 

0.5- 

^  0.4- 
O) 

jS 

£  0.3- 
0.2- 

0.1- 

-100 


100  200  300  400  500 

Current  Density  (mA/cm2) 


5M  methanol  800C 
— Nation 
-o—  PVI/Pd-5h 
—A—  PVI/Pd-1  Oh 
PVI/Pd-15h 
— O —  PVI/Pd-20h 
PVI/Pd-25h 
— PVI/Pd-30h 


160 

140 

120  — 
CN 

E 

100  ^ 


80 


60 


40 


20 


E 

C n 
c 
0 
O 

1 

CL 


-20 


100  200  300  400  500  600  700  800 

Current  Density  (mA/cm2) 


Fig.  8.  Comparison  of  performances  of  PVI/Pd-impregnated  Nation  and  bare 
Nafionll5  at  different  temperatures,  i  e.,  (a)  30,  (b)  60  and  (c)  80  °C  (0.6  mL min-1 
5  M  methanol;  100  mL  min-1  non-humidified  oxygen). 


The  polarization  curves  for  the  cells  fed  with  5M  methanol 
and  oxygen  at  30,  60  and  80  °C  are  presented  in  Fig.  8.  A  higher 
methanol  concentration  implies  a  higher  methanol  permeability. 
All  of  the  PVI/Pd-impregnated  membranes,  except  for  the  PVI/Pd- 
30h  membrane,  exhibit  better  performance  than  untreated  Nation 
at  an  operation  temperature  of  30  °C,  due  to  their  lower  methanol 
crossover  as  compared  with  that  of  Nation.  As  the  temperature  is 
increased,  the  cell  performance  of  the  PVI/Pd-impregnated  mem¬ 
branes,  which  show  better  performance  at  30  °C,  becomes  worse 


4.  Conclusions 

Nation  115  has  been  modified  by  incorporating  poly(l- 
vinylimidazole)-stabilized  palladium  into  the  ion  cluster  channels 
of  the  membrane.  In  this  way,  advantage  can  be  taken  of  both  the 
complexing  properties  of  PVI  and  the  methanol-impermeable  and 
proton  conducting  properties  of  palladium.  The  PVI/Pd  composite 
forms  a  complex  with  the  sulfonic  acid  groups  in  the  channels,  and 
this  can  change  the  size  of  the  hydrophilic  clusters,  the  degree  of 
water  absorption,  methanol  permeability,  and  proton  conductivity. 
It  is  found  that  methanol  permeability  decreases  with  increasing 
PVI  content,  but  this  is  accompanied  by  a  decrease  in  proton  con¬ 
ductivity.  On  the  other  hand,  increasing  the  Pd  content  enhances 
the  proton  conductivity.  Considering  the  competing  effects  of 
the  power  loss  due  to  the  reduced  proton  conductivity  and  the 
power  gain  due  to  the  reduced  crossover,  the  PVI/Pd-impregnated 
membranes  show  competitive  performance  when  compared  with 
untreated  Nation.  Among  the  PVI/Pd-impregnated  membranes,  the 
PVI/Pd-20h  membrane  gives  the  best  performance.  The  results  of 
cell  tests  on  PVI/Pd-impregnated  membranes  with  different  con¬ 
tents  of  PVI  and  palladium  show  that  there  exists  an  optimum 
combination  of  PVI  and  palladium  contents. 
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